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The differentiation of hydra nerve cells in the nerve-free tissue of epithelial hydra was examined in Hydra magnipapillata.
Nerve cell precursors, the interstitial cells, were introduced into the upper half of epithelial hydra by grafting it onto the
lower half of normal hydra. In the tentacles of grafted epithelial hydra, a small number of RF/ ganglion cells ®rst appeared
in the proximal area at 1.5 days after grafting, followed by the appearance of NV1/ sensory cells in the same area about a
day later. In the following days, both neuron types appeared more numerously in more distal positions. The front boundary
for each type moved gradually from the base to the tip of the tentacles in about 7 days. In the hypostome, a small number
of RF/ ganglion cells ®rst appeared in the apex at 1.5 days. More nerve cells appeared in the following days, eventually
forming a cluster of RF/ sensory cells at the apex surrounded by numerous RF/ ganglion cells in the adjacent tissue. These
results show that nerve cells do not differentiate randomly in the epithelial hydra host. Instead, differentiation occurs in
a strongly region-speci®c manner in the same way as in normal hydra, suggesting that epithelial cells in each region provide
different cues or signals to produce region-speci®c nerve cell distribution in normal hydra tissue. q 1995 Academic Press, Inc.
INTRODUCTION are recognized by antisera raised against neuropeptides hav-
ing a sequence of Arg-Phe-NH2 at the C-terminus (Grim-
melikuhuijzen et al., 1985, 1990; Koizumi et al., 1989). Sim-Hydra has a primitive nervous system which consists of
ilarly, another subset (NV1/ neurons) are recognized spe-a large number of nerve cells distributed throughout the
ci®cally by a monoclonal antibody NV1 raised againsttissue. Long neurites extending from neuron cell bodies con-
whole hydra tissue homogenate (Hobmayer et al., 1990a,b).tact one another to form an extensive mesh-like network
These various types of neurons are not distributed ran-throughout the animal.
domly in hydra tissue. Instead, they are distributed in aHydra nerve cells consist of two major morphological
highly region-speci®c manner. For example, the total neu-types. One type, called a ``ganglion'' cell (although hydra
ron density is about six times higher in the head and abouthas no ganglia), has an irregularly-shaped cell body and two
three times higher in the foot than in the central part ofor more neurites of varying lengths extending from it. The
the body column (Bode et al., 1973). RF/ neurons are abun-other type, called a sensory cell, has an elongated oval cell
dant in the head, tentacles, and foot, but are nearly absentbody, which has a ciliary sensory cone at one end and one
in the central body column (Grimmelikhuijzen, 1985; Bodeto two neurites at the other end (Hadzi, 1909; Westfall,
et al., 1988b). RF/ neurons in the hypostome apex are1973; Westfall and Kinnamon, 1978; Dunne et al., 1985;
mostly sensory neurons, whereas they are mostly ganglionYaross et al., 1986; Koizumi et al., 1988).
cells in the surrounding tissue (Grimmelikhuijzen, 1985;Hydra neurons are also classi®ed into several immunolog-
Bode et al., 1988b).ical types. For example, a subset of neurons (RF/ neurons)
The mechanisms responsible for producing this region-
speci®c nerve cell distribution are not well understood at
present. At least three major factors can be considered. The1 To whom correspondence should be addressed.
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®rst is an intrinsic factor present in the interstitial cells. When interstitial cells are reintroduced into epithelial hy-
dra through grafting, some differentiate into neurons in theAfter each round of cell division, a fraction of the interstitial
cells leave the proliferation cycle to enter the differentiation nerve-free tissue, eventually forming a new neuronal net-
work (Marcum and Campbell, 1978b; Sugiyama and Fuji-pathway into nerve cells. This fraction was estimated to be
about 0.05 in normal hydra by Bosch et al. (1991). This basic sawa, 1978b). In the present study, we examined neuron
differentiation which occurred immediately following in-level of nerve cell differentiation may be determined by a
stochastic mechanism which is intrinsically present in the terstitial cell introduction into epithelial hydra. Speci®-
cally, neuron differentiation occurring in two differentinterstitial cells themselves. Proportions for differentiation
into ganglion or sensory cells, or any other types, may be parts, the hypostome and tentacles, of epithelial hydra was
examined and compared.similarly determined by stochastic mechanisms.
The second factor affecting nerve differentiation is a posi- This ``epithelial hydra host'' provides an excellent system
for examining the relative roles of the epithelial and neu-tional cue provided by epithelial cells. Epithelial cells may
produce signal molecules which either attract the migration ronal factors described above. Since an epithelial hydra is
completely devoid of nerve cells, neuron differentiation oc-of interstitial cells committed to nerve cell differentiation
or induce uncommitted interstitial cells to differentiate curs in the absence of any in¯uence from existing neurons.
There may be some long-range effects originating from neu-into nerve cells. Signals produced may differ qualitatively
and/or quantitatively depending on the regions, and this rons present in the grafted normal tissue (see Fig. 1). How-
ever, such effects would be relatively weak and unlikely todifference may be responsible for producing region-speci®c
neuron distribution. contribute to region-speci®c neuron differentiation in the
hypostome and tentacles. In contrast, epithelial tissue inThe third factor is a feedback signal provided by the nerve
cells themselves. These cells may produce negative feed- epithelial hydra is nearly normal in morphology (Marcum
and Campbell, 1978a; Sugiyama and Fujisawa, 1978a).back signals to regulate the differentiation of interstitial
cells into nerve cells, thereby maintaining a constant num- Therefore, it may exert nearly normal effects on nerve cell
differentiation.ber of nerve cells in each region. As already mentioned, a
fraction (about 0.05) of the interstitial cells differentiate into If this view is right, and if epithelial cells indeed play
an important role in producing region-dependent nerve cellnerve cells in normal hydra. The fraction, however, in-
creases twofold or more when interstitial cells are intro- differentiation, we would expect that nerve cell differentia-
tion in the epithelial hydra host would have a regional speci-duced into nerve-free epithelial hydra (Bosch et al., 1991;
Fujisawa, personal communication), suggesting differentia- ®city similar to normal hydra. In contrast, such a speci®city
would not be expected if neurons, and not epithelial cells,tion enhancement in the absence of negative feedback from
existing neurons. Constant proportions among various are the major factor in determining the regional distribution
of neurons. Instead, a random, or totally different, neuronnerve types may be similarly maintained by speci®c feed-
back signals produced by each type. differentiation pattern would be expected.
In this paper we report that nerve cell differentiation inThe relative importance of each of the three factors de-
scribed above in regulating nerve cell differentiation is not epithelial hydra hosts occur in the same region-dependent
manner as in normal hydra, providing direct evidence forclear. Bode and his co-workers have examined nerve cell
differentiation in regenerating animals and obtained evi- the role of epithelial cells in regulating nerve cell differen-
tiation.dence suggesting that epithelial cells play an important role
(Bode et al., 1988a,b; Koizumi et al., 1990). TS19/ antigen,
which is speci®cally recognized by a monoclonal antibody
TS19, is expressed only by epithelial cells in tentacles in MATERIALS AND METHODS
the head region of normal hydra. During regeneration after
head removal, this antigen is transiently expressed by regen- Normal Hydra
erating tissue. The regenerating tissue at the apical tip starts
A wild-type strain 105 of Hydra magnipapillata (Sugi-in a TS190 state, passes through a TS19/ state, and ®nally
yama and Fujisawa, 1977) was used. Normal animals werereaches the TS190 state. RF/ ganglion cells appear when
cultured by feeding them newly hatched brine shrimp larvaethe tissue acquires the TS19/ state, but disappear and are
once daily. All animals were starved for 1 day before use,replaced by RF/ sensory cells when the tissue loses its
and they were not fed throughout the course of experiments.TS19/ state. These observations suggest that epithelial cells
All cultures and experiments were carried out in a constantprovide an environment for differentiation and mainte-
temperature room maintained at 19{ 0.57C, with an illumi-nance of RF/ ganglion cells when they express the TS19/
nation cycle of 12-hr light and 12-hr dark periods.antigen.
In the present study, we employed epithelial hydra as a
new system for examining factors affecting neuron differen- Epithelial Hydra
tiation in hydra. Epithelial hydra are free from interstitial
cells and their differentiation products, nerve cells and nem- Epithelial hydra were produced by the colchicine treat-
ment procedure originally described by Campbell (1976) andatocytes (Campbell, 1976; Sugiyama and Fujisawa, 1978a).
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modi®ed by Takano and Sugiyama (1984). They were main-
tained using the force-feeding procedure of Marcum and
Campbell (1978a) in a culture solution containing Rifampi-
cin (50 mg/liter) and Kanamycin (50 mg/liter). A few repre-
sentative polyps from each epithelial hydra clone produced
were examined for the presence of interstitial cells, after
Toluidine blue staining (Diehl and Burnett, 1964), and nerve
cells, after an indirect FITC staining using an anti-RFamide
antiserum (see below). Only clones shown to be free from
both interstitial cells and RF/ nerve cells were used as epi-
thelial hydra.
Introduction of Interstitial Cells into Epithelial
Hydra
Axial grafting (Sugiyama and Fujisawa, 1978b) was used FIG. 1. Introduction of nerve precursors (interstitial cells) into
to introduce interstitial cells (nerve precursor cells) into epithelial hydra. When the upper half of epithelial hydra (a) and
epithelial hydra. The upper half of epithelial hydra (Fig. 1a) lower half of normal hydra (b) are axially grafted (c), precursors
(represented by dots) migrate from the lower half to the upper halfand the lower half of normal hydra (Fig. 1b) were grafted
(d) and differentiate into nerve cells. Head tissue (e) is cut off fromtogether (Fig. 1c) by threading a piece of nylon ®shing line
grafted animals at various times after grafting, and newly differenti-through them. The line was removed 5±6 hr later. Rela-
ated nerve cells in the tissue are visualized by indirect FITC stain-tively young polyps of normal or epithelial hydra without
ing and examined.a bud or bud protrusion were used for grafting. Grafted ani-
mals were kept for 1±6 days in the culture solution con-
taining antibiotics and were not fed. However, their gastric
cavity was washed once daily by ¯ushing it with the culture
out prior RF staining. In such experiments, biotinylatedsolution using a ®nely drawn plastic tube (Marcum and
anti-mouse Ig's (Amersham) (1/100 dilution) were used asCampbell, 1978a).
the second antibody, and FITC-conjugated streptavidine
(Amersham) (1/25 dilution) was used for the ®nal staining.
Nerve Cell Staining The photographs of NV1 nerve cells shown in Fig. 3 were
made using samples stained in this way.Nerve cells in hydra tissue were made visible using two
types of antibody preparations. One was an anti-RFamide
antiserum (Grimmelikhuijzen, 1985), which was a generous
TS19 Staininggift from Dr. C. J. P. Grimmelikhuijzen. The other was a
monoclonal antibody, NV1 (Hobmayer et al., 1990a,b),
A monoclonal antibody TS19 was received as a generouswhich was a generous gift from Dr. C. N. David.
gift from Dr. H. Bode. This antibody was used to indirectlyIn order to make a quantitative examination of all the
stain live animals using the procedure of Bode et al. (1988b).stained nerve cells present in the head region, the heads of
Live animals were incubated ®rst with the TS19 ascitesgrafted polyps were amputated below the tentacle zone (Fig.
¯uid (1/100 dilution), then with FITC-conjugated goat anti-1d), stained, and examined.
mouse Ig's (Antibodies Inc) (1/250 dilution), followed byRF/ nerve cells were stained using an ampli®ed indirect
®xation in 70% ethanol. All stained tissue was mounted inFITC-staining procedure of Bode et al. (1988b) and Koi-
buffered glycerol and examined under a Nikon ¯uorescencezumi et al. (1992). The head tissue was ®xed in Zamboni's
microscope.®xative (Stefanini et al., 1967), incubated ®rst with the
anti-RFamide antiserum (1/2000 dilution), next with bio-
tinylated goat anti-rabbit IgG (Amersham) (1/100 dilu-
tion), and ®nally with FITC-conjugated streptavidine RESULTS
(Amersham) (1/25 dilution).
NV1/ nerve cells were examined using the same head
tissue once used for RF/ nerve cell examination. Mounted Nerve precursor cells, interstitial cells, introduced into
nerve-free tissue of epithelial hydra through grafting (Fig. 1),samples were recovered from the cover glass, ®xed once
again in Lavdowsky's ®xative (Campbell, 1983), and incu- differentiate into neurons in the absence of existing neurons
(Marcum and Campbell, 1978b; Sugiyama and Fujisawa,bated ®rst with mab NV1 (1/10 dilution) and then with
rabbit tetramethylrhodamine isothiocyanate (TRITC)-con- 1978b). This process was examined by making newly differ-
entiated neurons visible using two types of neuron-speci®cjugated anti-mouse Ig's (Capell) (1/50 dilution). In some ex-
periments, new head tissue was used for the staining with- antibodies (see Materials and Methods).
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FIG. 2. RF/ nerve cells in tentacles visualized by indirect FITC staining. (A) Normal hydra. (B) Epithelial hydra. (C) Grafted hydra at 1.5
days after grafting. (D) Grafted hydra at 2.5 days. (E) Grafted hydra at 6 days. (F) A higher magni®cation of individual nerve (ganglion)
cells present in the tentacle of normal hydra (corresponding to A). (G) The same for grafted hydra at 6 days (corresponding to E). Arrows
indicate boundaries between tissue containing nerve cells and more distal tissue without them. Bar in D, 100 mm for A±E; in G, 25 mm
for F±G.
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FIG. 3. NV1/ nerve cells in tentacles visualized by indirect FITC staining. (A) Normal hydra. (B) Epithelial hydra. (C) Grafted hydra at
2.5 days after grafting. (D) Grafted hydra at 5 days. (E) Grafted hydra at 6 days. (F) A higher magni®cation of individual nerve (sensory)
cells present in the tentacle of normal hydra (corresponding to A). (G) The same for grafted hydra at 6 days (corresponding to E). Arrows
indicate boundaries between the tissue containing nerve cells and more distal tissue without them. Bar in E, 100 mm for A±E; in G, 25
mm for F±G. Strong stains present in tissue distal to the boundaries represent stenoteles which are also recognized by NV1 (see Hobmayer
et al., 1990a).
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out using mab NV1. This antibody speci®cally recognizes
sensory cells in tentacles (Hobmayer et al., 1990a). In the
tentacles of normal hydra, NV1/ neurons (Fig. 3A) were not
as numerous as RF/ neurons (Fig. 2A). A limited number
of NV1/ neurons ®rst appeared near the basal area in the
tentacles of grafted epithelial hydra at 2.5 days (Fig. 3C). At
later times, NV1/ neurons were also found in more distal
positions (Figs. 3D and 3E). All NV1/ neurons visualized in
tentacles of normal (Fig. 3F) or grafted (Fig. 3G) hydra were
sensory cells in morphology.
Each tentacle of the epithelial hydra host had a boundary
which divided the tentacle tissue into the basal part con-
taining neurons and the distal part free from them (Figs. 2
and 3). The relative positions of the boundaries along the
FIG. 4. Positions of neuron boundaries or carbon-marked epithe-
lial cells in the tentacles of grafted hydra at various times after
grafting. The abscissa represents days after grafting, and the ordi-
nate represents relative positions from the base (0) to tip (1) of
tentacles. (A) RF/ ganglion cells. (B) NV1/ sensory cells. (C) Carbon-
marked epithelial cells. Vertical bars represent standard deviations
(also in Figs. 5, 6, and 8). Minimum sample size was 13 (A), 4 (B),
and 8 (C).
Tentacles
Figure 2 shows neurons in the tentacles that were made
visible through indirect FITC staining using an anti-RFam-
ide antiserum. Numerous RF/ neurons were present in the
entire tentacle tissue of normal hydra (Fig. 2A). In contrast,
no neurons were present in tentacles of epithelial hydra
(Fig. 2B). A small number of RF/ neurons ®rst appeared at
1.5 days after grafting (Fig. 2C). These neurons were all
localized in a small restricted area which was located from
about 0.1 to 0.2 in length from the base to tip of the tenta-
cles. However, they were absent in the most proximal part
or more distal part of the tentacles at this time. More neu-
rons appeared in more distal areas at later times (Figs. 2D
and 2E). They were also present in the most proximal part
of the tentacles at these times. All RF/ neurons present in FIG. 5. Average numbers of (A) RF/ ganglion cells, (B) NV1/ sen-
the tentacles of normal (Fig. 2F; also see Bode et al., 1988b) sory cells, and (C) sums of both types present in a tentacle of grafted
or grafted hydra (Fig. 2G) were ganglion cells in morphology. hydra at various times after grafting. Minimum sample size was
13 (A) and 4 (B).Figure 3 shows results of a similar experiment carried
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epithelial tissue displacement was examined in tentacles of
the epithelial hydra host using the carbon-marking method
of Otto and Campbell (1977). It shows that marked epithe-
lial cells moved from the base to the tip of the tentacles in
about 7 days. This rate was similar to the results of previous
similar studies for normal hydra (Otto and Campbell, 1977;
Bode et al., 1988b). It should be noted that the boundaries
of the two neuron types and marked epithelial cells all
moved at similar rates of 0.13±0.15 tentacle length per day.
Figures 5A and 5B show the average numbers of RF/ and
NV1/ nerve cells present per tentacle at various times after
grafting. Both types of nerve cells increased in number
roughly linearly with the increase in time.
The tentacle tissue examined for nerve cells was also
examined for two types of nematocyst capsules (stenoteles
and desmonemes) under a phase-contrast microscope. Both
nematocyst types were ®rst detected in the tentacles at 0.5
days. Each tentacle was divided into ®ve sections of equal
length from the base to tip, and the number of nematocysts
present in each section was counted at various times after
grafting. The results, summarized in Fig. 6, show that both
stenoteles (Fig. 6A) and desmonemes (Fig. 6D) were already
present in the tip section at 1.5 days after grafting. At this
time, RF/ ganglion cells were present only near the tentacle
base, and NV1/ sensory cells had not yet appeared, as al-
ready mentioned.
Hypostome
Figure 7 shows RF/ neurons present in the hypostome of
FIG. 6. Distribution of nematocytes in tentacles. The abscissa control and grafted hydra. As originally shown by Campbell
represents ®ve sections of equal lengths from the base (0) to the (1976), epithelial hydra (Fig. 7B) (and also grafted hydra (Figs.
tip (1) of tentacles, and the ordinate represents average numbers of 7C±7E)) have an enlarged mouth opening and distended hy-
nematocyst capsules present in each section. The nematocyst type
postome compared to normal hydra (Fig. 7A).and time of examination after grafting are indicated in each ®gure.
The hypostome of a normal hydra had a cluster of sensoryMinimum sample size was 3. Presence of stenoteles or desmo-
cells at the apex, or around the mouth opening in the center,nemes in every section including the tip section (4/5±1) at 1.5 days
and numerous ganglion cells in the surrounding tissue (Figs.(A or D, respectively) was qualitatively observed in many other
7A and 7F). Epithelial hydra had no RF/ neurons (Fig. 7B).specimens not examined quantitatively.
In grafted polyps, RF/ neurons ®rst appeared after 1.5 days
(Fig. 7C). Although staining was faint, each of these cells
had an irregularly shaped cell body with extended multiple
processes of relatively short length (Fig. 7G). They werelength of the tentacles were examined for many grafts at
various times after grafting. The results for RF/ neurons, therefore identi®ed as ganglion cells (see Discussion). Inter-
estingly, these ganglion cells were all localized close to thesummarized in Fig. 4A, show that the boundary moved grad-
ually from the base to the tip of the tentacle in about 7 mouth opening (Fig. 7C), where only sensory cells were
present in normal hydra (Fig. 7A).days. The boundary for NV1/ neurons also moved similarly
(Fig. 4B). More neurons were present after 3 days (Fig. 7D). The
staining was deeper, but most of these cells still showedFigure 4C shows the result of a parallel study in which
FIG. 7. RF/ nerve cells in hypostome visualized by indirect FITC staining. (A) Normal hydra. (B) Epithelial hydra. (C) Grafted hydra at
1.5 days after grafting. (D) Grafted hydra at 3 days. (E) Grafted hydra at 6 days. (F) Individual nerve cells in normal hydra (corresponding
to A) at a higher magni®cation. (G) The same for grafted hydra at 3 days (corresponding to D). (H) The same for grafted hydra at 6 days
(corresponding to E). (A±G) A top view of the hypostome with a mouth opening in the center (A±E), upper left (F), or middle left (G),
whereas H shows a side view of the hypostome tip. Arrows marked g or s show neurons of ganglion cell-like or sensory cell morphology,
respectively. Bar in E, 50 mm for A±E; in H, 25 mm for F±H.
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in the hypostome of normal hydra in some instances; not
shown).
Figure 9 shows photographs of the three hydra types indi-
rectly stained with FITC using a monoclonal antibody,
TS19 (see Materials and Methods). Normal hydra (Fig. 9A),
epithelial hydra (Fig. 9B), and a grafted hydra at 3 days after
grafting (Fig. 9C) all show essentially the same staining pat-
tern, with strong signals present only in the tentacles but
not in the hypostome.
Time Course of Neuron Appearance
Figure 10 schematically shows the time course for the
appearance of the three types of neurons (RF/ ganglion cells,
RF/ sensory cells, and NV1/ sensory cells) in the tentacles
and hypostome of grafted hydra. Neurons ®rst appeared
after 1.5 days in small numbers in restricted areas and had
the morphology of ganglion cells (Fig. 10b). By 3 days, all
three neuron types had appeared, the total number of neu-
rons had increased, and their areas of localization had ex-
panded (Fig. 10c). By 6 days, the three neuron types were
more numerous and had established a distribution pattern
(Fig. 10d) similar to that in normal hydra.
DISCUSSION
Region-Speci®c Nerve Cell Differentiation
Various types of nerve cells are distributed not randomly
FIG. 8. Numbers of (A) RF/ ganglion cells, (B) RF/ sensory cells, but in a region-speci®c manner in normal hydra (see Intro-
and (C) total RF/ cells per hypostome of grafted hydra at various duction). This study has shown that nerve cell differentia-
times after grafting. The decrease in the number of RF/ ganglion tion in the epithelial hydra host occurs with a similar re-
cells from Day 5 (53.3 { 17.5, n  16) to Day 6 (37.2 { 9.5, n  9)
gional speci®city. RF/ ganglion cells are produced in bothwas statistically signi®cant at P  0.02. Minimum sample size
the tentacles (Fig. 2G) and the hypostome (Fig. 7G), whereaswas 9.
RF/ and NV1/ sensory cells are found only in the hy-
postome (Fig. 7H) or tentacles (Fig. 3G), respectively.
This observation suggests that epithelial cells are primar-
ily responsible for producing the observed region-speci®cthe same type of morphology as at 1.5 days. After 6 days,
neurons were more numerous and were found in a more nerve cell differentiation. Nerve cells are uninvolved, or
play only a secondary role, in this process since neuronexpanded area (Fig. 7E). At this time, some cells located
around the mouth opening showed the typical morphology differentiation takes place in the absence of existing neu-
rons in the epithelial hydra host (see below). This ®ndingof sensory cells (Fig. 7H).
The number of RF/ neurons present in the hypostome of provides strong support for the view that epithelial tissue
plays a major role in producing region-speci®c nerve cellgrafted polyps was counted at various times after grafting.
The results are presented in Fig. 8. Ganglion cells ®rst ap- distribution in normal hydra. The epithelial cells presum-
ably produce signal molecules that determine into whichpeared after 1.5 days. Their number increased rapidly be-
tween 1.5 and 3 days, stayed at a high constant level be- nerve cell types the precursors will differentiate. Alterna-
tively, the signal molecules may attract precursors whichtween 3 and 5 days, and then showed a small decrease be-
tween Day 5 and Day 6. RF/ sensory cells ®rst appeared in are already committed to differentiate into speci®c types.
Region-dependent nerve cell differentiation (or precursora very small number after 2 days, and their number steadily
increased until Day 6 (Fig. 8B). migration) is produced presumably by qualitative and/or
quantitative differences of the signal molecules producedNV1/ neurons, present in tentacles (Hobmayer et al.,
1990a,b), were not found in the hypostome of the epithelial in different regions. The identities of the signal molecules
involved, however, are unknown at present.hydra host (although a limited number of them were found
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FIG. 9. TS19/ antigen in hypostome and tentacles of normal hydra (A), epithelial hydra (B), and grafted hydra at 2 days after grafting
(C). The antigen was visualized by indirect FITC staining. Bar, 100 mm.
Differentiation in Tentacles Differentiation in the Hypostome
An interesting change took place in the neurons presentWhen RF/ ganglion or NV1/ sensory cells ®rst appeared
in the tentacle base, a boundary was present between basal in the hypostome apex. The majority of neurons present in
the apex between 1.5 and 3 days were RF/ ganglion cellstissue containing neurons and more distal tissue lacking
them (Figs. 2C±2E and 3C±3E). This boundary later moved (Figs. 7C, 7D, and 7G), but had become RF/ sensory cells
by the 6th day (Figs. 7E and 7H). A similar change from RF/gradually toward the tentacle tip. The rate of this move-
ment was similar to the rate of movement of carbon-marked ganglion to RF/ sensory type was also observed previously
in regenerating tissue after head removal from normal hydraepithelial cells (Fig. 4).
This observation suggests that the neuron boundary (Awad et al., 1987; Bode et al., 1988b). This change of neu-
ron type during regeneration was explained by a model ofmovement was not due to differentiation of new neurons
in more distal tentacle parts. Instead, it supports the view ``Development of the Two-Part Pattern during Regenera-
tion.'' Brie¯y, epithelial cells undergo two levels of changethat neurons ®rst differentiate and become integrated into
the epithelial tissue of the tentacle base and that they are during regeneration. First, these cells acquire a ``tentacle-
like'' character, show TS19/ antigen expression, and stimu-then displaced passively and gradually by an epithelial tis-
sue ¯ow to more distal positions (Yaross et al., 1986; Hob- late RF/ ganglion cell differentiation. In the next level, they
acquire a higher ``hypostome-like'' character, turn off TS19/mayer et al., 1990a,b).
FIG. 10. Schematic drawings showing appearance of RF/ ganglion cells (plus symbols), RF/ sensory cells (triangles), and NV1/ sensory
cells (solid circles) in hypostome and tentacles of grafted hydra at various times after grafting.
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antigen expression, and stimulate RF/ sensory cell differen- ences in migration of precursors committed to the respec-
tive types or differences in time required for differentiation.tiation. The change from RF/ ganglion to RF/ sensory cells
is produced by this epithelial tissue level change (Awad et It is also possible that the morphological change from the
ganglion to sensory type already discussed was responsibleal., 1987; Bode et al., 1988b).
We initially thought that the ganglion-to-sensory change for the differences.
The number of RF/ ganglion cells in the hypostome in-observed in this study could also be explained by the same
model. This proved not to be the case. Expression of the creased rapidly to reach the level of normal hydra by Day
3 (Fig. 8A). The other neuron types, including RF/ ganglionTS19/ antigen was essentially identical in normal and epi-
thelial hydra and did not change through grafting (Fig. 9). cells in the tentacles (Fig. 5A), NV1/ sensory cells in the
tentacles (Fig. 5B), and RF/ sensory cells in the hypostomeTherefore, the neuron type change observed in this study
could not be explained by changes in epithelial tissue levels (Fig. 8B), increased signi®cantly more slowly and reached
only 1/3 to 1/6 of the normal levels in 6 days. The factor(s)correlating to TS19/ antigen expression.
At present we do not know the relationship between the responsible for this preferential differentiation of RF/ gan-
glion cells in the hypostome over other types is unclear.RF/ ganglion and RF/ sensory cells appearing in the hy-
postome apex. A number of possibilities can be considered. Preferential differentiation may be produced by preferential
precursor migration into the hypostome, preferential differ-For example, (1) the ganglion cells appearing initially might
die, or turn into RF0 within a few days after appearing, and entiation into the RF/ ganglion cells, or a combination of
the two.new RF/ sensory neurons might differentiate later. (2) The
ganglion cells might change morphology and turn into the The rate of differentiation of RF/ ganglion cells in the
hypostome slowed down dramatically after Day 3 (Fig. 8A).sensory type. A similar ``phenotypic conversion'' from gan-
glion to sensory cells was reported to occur in regenerating One possible explanation for this observation is negative
feedback regulation from these neurons which differenti-tissue after head removal from nitrogen mustard- or hy-
droxyurea-treated hydra containing neurons but no neuron ated very rapidly to reach the normal level by Day 3. Nega-
tive feedback signals from these cells might be responsibleprecursors (Koizumi et al., 1988). (3) The RF/ neurons ap-
pearing early might actually be immature sensory cells, for preventing further differentiation of this type. Mean-
while, the other types not reaching normal levels continuedwhich later acquire the typical morphology of sensory cells.
A similar change from ganglion-like to typical sensory-type to increase without slowing down.
At present, however, interpretation of these observationsmorphology was observed to occur (Koizumi, unpublished)
in the maturation process of DB5/ sensory cells present in made on RF/ ganglion cells in the hypostome is dif®cult
because of the uncertainty of the identity of these nervethe tentacles of Hydra oligactis (Koizumi et al., 1992).
cells, as already discussed. A study is currently in progress
to examine the relationship of these and RF/ sensory neu-
Precursor Migration rons appearing in the hypostome apex.
As already discussed, nerve differentiation occurs only in
the proximal tissue in the tentacles, whereas it occurs in
the very distal part (apex) in the hypostome of the epithelial ACKNOWLEDGMENTS
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